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ABSTRACT 
T h i s  p a p e r  d e s c r i b e s  a s y s t e m  w h i c h  c a n  p h o t o g r a p h i -  
c a l  l y  r e c o r d  w i  t h  one dua l -beam o s c i  1 l o s c o p e  t h e  amp1 i- 
t u d e s  o f  10 s i m u l t a n e o u s  p h o t o m u l t i p l i e r  p u l s e s  o v e r  a 
f o u r - d e c a d e  dynamic  range  w i t h  an a c c u r a c y  o f  + 1 .5% 
o v e r  t h e  e n t i r e  r a n g e .  The s i g n a l  p r o c e s s i n g  t i m e  i s  2.2 usec. 
The b a s i c  c i r c u i t  i s  a l o g a r i t h m i c  p u l s e - h e i g h t - t o -  
- 
t i m e  c o n v e r t e r  w i t h  two  t r i g g e r i n g  l e v e l s ,  r e q u i r i n g  
t w e l v e  t r a n s i s t o r s  p e r  i n p u t  c h a n n e l .  The dynamic  r a n g e  
o f  t i r e  d e v i c e  c o u l d  be  e a s i l y  e x t e n d e d  t o  s i x  decades,  
and t h e  t w o - l e v e l  t e c h n i q u e  can be a p p l i e d  t o  d i g i t a l i z e d  
r e c o r d i n g  sys tems  and p u l s e  h e i g h t  a n a l y z e r s .  The c i r c u i t  
has been b u i l t  and has been f o u n d  t o  mee t  t h e  above s p e c i -  
f i c a t i o n s  o v e r  a t e m p e r a t u r e  r a n g e  f r o m  0' F t o  100' F. 
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INTRODUCTION 
F o r  a c o s m i c  r a y  e x p e r i m e n t ' ,  i t  was f o u n d  n e c e s s a r y  t o  h a v e  
a d a t a - g a t h e r i n g  s y s t e m  w h i c h  wou ld  r e c o r d  t h e  h e i g h t s  o f  many s i -  
m u l t a n e o u s  p h o t o m u l t i p l i e r  t u b e  p u l s e s  whose a m p l i t u d e s  c o u l d  d i f -  
f e r  by as much as  a f a c t o r  of l o 4 .  I t  was d e s i r e d  t h a t  t h e  r e -  
c o r d i n g  p r o c e s s  b e  f i n i s h e d  w i t h i n  2 p s e c  a f t e r  t h e  i n i t i a t i o n  o f  
' t h e  p u l s e s  i n  o r d e r  t o  a v o i d  i n t e r f e r e n c e  f r o m  a s u b s e q u e n t  h i g h -  
v o l t a g e  t r a n s i e n t  g e n e r a t e d  e l s e w h e r e  b y  t h e  e x p e r i m e n t a l  a p p a r a t u s .  
The e x p e c t e d  e v e n t  r a t e  i s  l o w  - - -  a b o u t  one p e r  day - - -  s o  t h e  
d a t a  c a n  be r e c o r d e d  i n  an a n a l o g u e  f o r m  on o s c i l l o s c o p e  p h o t o g r a p h s ,  
r a t h e r  t h a n  i n  a d i g i t a l  f o r m ,  Y e t  an a c c u r a c y  o f  a t  l e a s t  a f e w  
p e r c e n t  o v e r  t h e  e n t i r e  r a n g e  o f  a m p l i t u d e s  was d e s i r e d .  
T h e r e  e x i s t  a t  l e a s t  t w o  o t h e r  w i d e - r a n g e  r e c o r d i n g  s y s t e m s  293 
- - -  b o t h  f o r  c o s m i c  r a y  e x p e r i m e n t s  - - -  b u t  t h e y  have  s i g n a l  p r o c e s -  
s i n g  t i m e s  o f  t h e  o r d e r  o f  100 pseconds .  One s y s t e m  r e q u i r e s  many 
o s c i l l o s c o p e s ,  w h i l e  t h e  o t h e r  r e q u i r e s  a t  l e a s t  2 7  t r a n s i s t o r s  
p e r  i n p u t  channe l  and  has o n l y  10% a c c u r a c y .  
The t e c h n i q u e  chosen  h e r e  i s  a m o d i f i c a t i o n  o f  t h e  l o g a r i t h m i c  
p u l s e - h e i g h t - t o - t i m e  c o n v e r t e r s  u s e d  i n  some a n a l y z e r s  . I n  t h o s e  
a n a l y z e r s ,  t h e  i n p u t  p u l s e  i s  a d m i t t e d  t h r o u g h  a l i n e a r  g a t e  and 
c h a r g e s  a c a p a c i t o r .  The g a t e  i s  t h e n  c l o s e d  and t h e  c a p a c i t o r  
d i s c h a r g e s  s l o w l y  i n t o  a l e v e l - d e t e c t o r  c i r c u i t .  The d e c a y  t i m e  
c o n s t a n t  i s  u s u a l l y  o f  t h e  o r d e r  o f  m i l l i s e c o n d s .  I n  t h e  meant ime,  
a c l o c k  o s c i l l a t o r  has begun t o  s e n d  p u l s e s  t o  a d i g i t a l  c o u n t e r ,  
w h i c h  i s  s t a r t e d  a t  t h e  i n s t a n t  t h e  c a p a c i t o r  i s  c h a r g e d .  A t  t h e  
. *  
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i n s t a n t  t h e  c a p a c i t o r  v o l t a g e  decays below some p r e s e t  t r i g g e r  
v o l t a g e ,  t h e  l e v e l  d e t e c t o r  c u t s  o f f  t h e  c l o c k  o s c i l l a t o r .  The 
coun te r  w i l l  then  r e g i s t e r  a t ime which i s  p r o p o r t i o n a l  t o  t h e  
l o g a r i t h m  of  t h e  i n i t i a l  v o l t a g e  t o  which t h e  c a p a c i t o r  was cha rged .  
Some shor tcomings  of  t h a t  system a r e :  ( 1 )  wide-range l i n e a r  g a t e s  
a r e  d i f f i c u l t  t o  b u i l d ,  ( 2 )  l a r g e  p u l s e s  r e q u i r e  a l o n g  t ime t o  be 
processed ,  a n d  ( 3 )  t h e  accu racy  beg ins  t o  s u f f e r  when t h e  p u l s e  
h e i g h t  g e t s  over  100 times higher  t h a n  t h e  t r i g g e r i n g  l e v e l ,  These 
f a c t o r s  l i m i t  t h e  range  o f  p u l s e  h e i g h t s  w h i c h  can  be r eco rded  i n  
a s h n r t  t i m e  w s t h  ro?snn2h !e  acr:r:.c;.. 
T h e  system d e s c r i b e d  h e r e  overcomes t h e  dynamic range l i m i t a -  
t i o n  by u s i n g  s e v e r a l  t r i g g e r i n g  l e v e l s  w h i c h  d i f f e r  by s e v e r a l  
o r d e r s  o f  m a g n i t u d e .  The system uses  no l i n e a r  g a t e s  or s t o r a g e  
c a p a c i t o r s .  I n s t e a d ,  t h e  p h o t o m u l t i p l i e r  p u l s e s  a r e  a p p l i e d  d i -  
r e c t l y  and s i m u l t a n e o u s i y  t o  h igh-  and low- leve l  t r i g g e r s .  
METHOD O F  O P E R A T I O N  
The system makes use o f  t h e  p u r e l y  e x p o n e n t i a l  shape  of  p h o -  
t o m u l t i p l i e r  p u l s e s .  By va ry ing  t h e  anode r e s i s t a n c e  and c a p a c i -  
t a n c e  a t  each p h o t o m u l t i p l i e r ,  t h e  decay time c o n s t a n t  of  t h e  
p u l s e s  i s  p r e a d j u s t e d  t o  be 4 3 2  nsec .  When an e v e n t  o c c u r s ,  two 
t h i n g s  happen: a c o i n c i d e n c e  c i r c u i t  t r i g g e r s  an o s c i l l o s c o p e  
sweep, and pulses  a p p e a r  s i m u l t a n e o u s l y  o n  t h e  anodes of  each  p h o -  
t o m u l t i p l i e r  and s t a r t  t o  decay.  In o u r  p a r t i c u l a r  e x p e r i m e n t ,  we 
. .  
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have 20 p h o t o m u l t i p l i e r s  from which 1 0  p u l s e s  a r e  d e r i v e d  by 
means o f  p a s s i v e  mixer c i r c u i t s .  The r e s u l t i n g  10 e x p o n e n t i a l l y -  
decay ing  v o l t a g e s  g o  t o  1 0  two- leve l  p u l s e - h e i g h t - t o - t i m e  con- 
v e r t e r s .  (See t h e  system diagram in  F i g .  1.) 
Each c o n v e r t e r  c o n s i s t s  of two  l e v e l - d e t e c t o r s  ( t u n n e l  d i o d e  
S c h m i t t  t r i g g e r s )  whose s o l e  d u t y  i s  t o  emi t  a s h o r t  t ime marker 
p u l s e  ( 1 0  nsec wide)  whenever t h e  i n p u t  v o l t a g e  f a l l s  below a p r e -  
s e t  l e v e l .  The upper  t h r e s h o l d  i s  200  m V ,  a n d  t h e  lower t h r e s h o l d  
i s  2 m V .  The i n p u t  p u l s e  i s  a p p l i e d  s i m u l t a n e o u s l y  t o  b o t h  de-  
t e c t o r s  with one of t h e  t h r e e  f o l l o w i n g  r e s u l t s :  
( 7 )  I f  t h e  i n i t i a l  ampl i tude  i s  l e s s  t h a n  3 m V ,  n e i t h e r  
d e t e c t o r  emi t s  a t ime marker p u l s e .  
( 2 )  I f  t h e  i n i t i a l  ampl i tude  i s  g r e a t e r  t h a n  3 m V  b u t  l e s s  
than  300 m V ,  t h e  low- leve l  d e t e c t o r  w i l l  emi t  a s p i k e  a t  t h e  
i n s t a n t  t h e  i n p u t  v o l t a g e  decays below 2 m V .  The h i g h - l e v e l  
d e t e c t o r  w i l l  n o t  be t r i g g e r e d .  
( 3 )  I f  t h e  p u l s e  h e i g h t  exceeds  300  m V ,  b o t h  d e t e c t o r s  w i l l  
e m i t  s p i k e s .  F i r s  t h e  h i g h - l e v e l  d e t e c t o r  i s  t r i g g e r e d  when 
t h e  i n p u t  L o l t a g e  decays t h r o u g h  200  m V .  Next t h e  low- leve l  
t r i g g e r  emi t s  a s p i k e  when t h e  v o l t a g e  has  decayed t h r o u g h  
2 m V .  T h e  h igh -  and low- leve l  s p i k e s  w i l l  a lways  be s e p a r a t e d  
by a f i x e d  i n t e r v a l  - - -  in  t h i s  c a s e ,  2 . 0  psec .  
F igu re  2 i l l u s t r a t e s  t h e  r e l e v a n t  q u a n t i t i e s .  
The l e n g t h  of t ime between t h e  beg inn ing  of t h e  e v e n t  a n d  
. .  
t h e  o c c u r r e n c e  of  t h e  s p i k e s  w i l l  be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
n a t u r a l  l oga r i thm o f  t h e  i n i t i a l  p u l s e  h e i g h t :  
( t ,  - t o )  = t ime from s t a r t  o f  e v e n t  t o  h i g h - l e v e l  s p i k e  
I 1  
= 432, l oge (E /200)  n s e c ,  
(tp - t o )  = t ime from s t a r t  of e v e n t  t o  low- leve l  s p i k e  
= 432 l o g e ( E / 2 )  n sec .  
where E i s  t h e  i n i t i a l  ampl i tude  o f  t h e  p u l s e  i n  m V .  T h e r e f o r e ,  
t h e  o c c u r r e n c e  t ime o f  a s p i k e  i s  a measure o f  t he  i n i t i a l  p u l s e  
h e i g h t ,  which can be computed as f o l l o w s :  
E = 200 e x p [ ( t h  - t o ) / 4 3 2 ]  m V ;  
E = 2 exp[(t ,  - t o ) / 4 3 2 ]  mV,  
where t h e  t ime i n t e r v a l s  a r e  in  nanoseconds.  
T h e  h i g h - l e v e l  s p i k e  i s  p o s i t i v e  a n d  t h e  low- leve l  s p i k e  i s  
n e g a t i v e .  B o t h  o f  t h e s e  s p i k e s  g o  t h e  t h e  o u t p u t  of each c o n v e r t e r .  
A d u a l - b e a m  o s c i l l o s c o p e  d i s p l a y s  t h e  s p i k e s  from a l l  10 c o n v e r t e r s ,  
5 o n  each  beam, The h e i g h t s  o f  t h e  s p i k e s  on  t h e  o s c i l l o s c o p e  
s c r e e n  a r e  coded s o  t h a t  one c a n  d i s t i n g u i s h  t h e  s p i k e  from one i n -  
p u t  channel  from t h a t  o f  a n o t h e r .  A s p i k e  from channel  1 i s  l / 4  cm 
h i g h ,  p o s i t i v e  or n e g a t i v e ;  from channel  2 ,  1 / 2  cm h i g h ,  p o s i t i v e  
or n e g a t i v e ;  a n d  s o  f o r t h .  
I f  t h e  o s c i l l o s c o p e  t r a c e  were e x a c t l y  2.0 p s e c  i n  l e n g t h ,  
on ly  one s p i k e  f r o m  each channel would appea r  on t h e  t r a c e ,  (Because  
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i f  “Le h i g h - l e v e l  s p i k e  were on t h e  t r a c e ,  the  low- leve l  sp ike  f o l -  
lowing 2 . 0  p sec  behind t h e  f i r s t  would be o f f  t h e  t r a c e . )  S o  o n l y  
f i v e  s p i k e s  would a p p e a r  on a t r a c e .  However, t h e  t r a c e  w i d t h  t o  
be used i n  t h i s  expe r imen t  i s  2 . 2  p s e c  i n  o r d e r  t h a t  t h e r e  be 
s u i t a b l e  o v e r l a p p i n g  between upper and lower  l e v e l s ,  T h u s ,  i n  a 
few c a s e s  t h e r e  may be more t h a n  f i v e  s p i k e s  per t r a c e ,  S ince  the  
s p i k e s  a r e  narrow compared t o  t h e  t r a c e  w i d t h ,  t hey  w i l l  r a r e l y  
c o i n c i d e ;  and when they  d o ,  t h e  i n f o r m a t i o n  w i l l  s t i l l  be r e c o v e r -  
a b l e .  
F i g u r e  3 shows a t y p i c a l  o s c i l l o s c o p e  d i s p l a y ,  The p o l a r i t y  
o f  each  s p i k e  i n d i c a t e s  t h e  l e v e l  t r i g g e r e d ,  t h e  h e i g h t  o f  each 
s p i k e  t e l l s  which i n p u t  channel i t  r e p r e s e n t s ,  a n d  t h e  occurrence 
t ime  o f  each s p i k e  ( r e l a t i v e  t o  a d o t  marking t o )  i s  a measure o f  
t h e  p u l s e  h e i g h t  i n  t h e  co r re spond ing  i n p u t  c h a n n e l .  The r e -  
c o r d i n g  p r o c e s s  i s  corri>;eted by pho tograph ing  t h e  d i s p l a y .  
The t r i g g e r i n g  l e v e l s ,  decay t i m e ,  and t r a c e  w i d t h  s e l e c t e d  
g i v e  a m i n i m u m  r e c o r d a b l e  p u l s e  h e i g h t  of  3 m V  a n d  a maximum of 
32 V .  That  i s ,  t h e  dynamic range  i s  more t h a n  4 d e c a d e s ,  or  8 0  d b .  
C I R C U I T R Y  DETAILS 
Each two- l eve l  c o n v e r t e r  i s  h a r d l y  more than  t h r e e  X10 a m p l i -  
f i e r s  i n  s e r i e s  a n d  two t u n n e l  d i o d e  S c h m i t t  t r i g g e r s .  (See F i g s .  4 
a n d  5 . )  
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The a m p l i f i e r s  a r e  e s s e n t i a l l y  g r o u n d e d - b a s e  a m p l i f i e r s  w i t h  
h e a v y  feedback  and heavy  b i a s i n g .  The i n p u t  and o u t p u t  o f  e a c h  
s t a g e  i s  n e g a t i v e - g o i n g .  Each s t a g e  i s  ( u n n e c e s s a r i l y )  l i n e a r  up 
t o  an i n p u t  v o l t a g e  o f  400 mV, where  t h e  a m p l i f i e r s  s a t u r a t e  . The 
impedence  o f  t h e  c o n v e r t e r  i n p u t  i s  c o n s t a n t  ( a b o u t  50 ohms) up  t o  
an i n p u t  a m p l i t u d e  o f  5 V, a t  w h i c h  p o i n t  i t  d r o p s  s h a r p l y .  T h i s  r e -  
s u l t s  i n  an a p p a r e n t  c l i p p i n g  o f  a71 p u l s e s  a t  t h e  5 V l e v e l .  The 
c l i p p i n g  does n o t  m a t t e r  i n  o p e r a t i o n ,  b u t  i t  makes c a l i b r a t i o n  
more  d i f f i c u l t  b y  r e q u i r i n g  an i s o l a t i o n  e m i t t e r - f o l l o w e r  f o r  p u l s e s  
g r e a t e r  t h a n  5 V .  
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The r a t h e r  l a r g e  120  p f  c a p a c i t o r s  be tween  s t a g e s  i n s u r e  t h a t  
t h e  e x p o n e n t i a l  p u l s e  w i l l  n o t  be  q u a s i - d i f f e r e n t i a t e d ,  s o  t h a t  t h e  
c i r c u i t  r e s p o n s e  w i l l  be p u r e l y  l o g a r i t h m i c .  T h i s  makes t h e  a m p l i -  
f i e r s  p r o n e  t o  o s c i l l a t e  a t  a l o w  f r e q u e n c y  u n l e s s  c a r e  i s  t a k e n  i n  
c o n s t r u c t i n g  t h e  c i r c u i t r y  and  i n  p r o v i d i n g  s u p p l y  v o l t a g e  f i l -  
t e r i n g .  Used t o  a c h i e v e  t h i s  were  g r o u n d - p l a n e  c o n s t r u c t i o n ,  sub -  
m i n a x  c a b l e ,  s h i e l d e d  s e c t i o z s ,  and  f i l t e r i n g  w i t h  z e n e r s  and t a n -  
t a l u m  c a p a c i t o r s .  (See  t h e  p h o t o g r a p h  i n  F i g .  6 . )  
The t u n n e l  d i o d e s  i n  t h e i r  q u i e s c e n t  s t a t e  a r e  f o r w a r d  b i a s e d  
w e l l  i n t o  t h e  d i o d e  r e g i o n ,  a t  p o i n t  A i n  F i g .  8; A n e g a t i v e  p u l s e  
e x c e e d i n g  3 .0  V sweeps t h e  d i o d e  t o  p o i n t  B, where  i t  c o n d u c t s  
h e a v i l y ,  D u r i n g  t h e  p u l s e  decay t h e  o p e r a t i n g  p o i n t  moves t o w a r d  
p o i n t  C. When t h e  i n p u t  v o l t a g e  decays  t h r o u g h  2 .0  V ,  t h e  d i o d e  
snaps  o f f  f r o m  p o i n t  C t o  p o i n t  D, c a u s i n g  a 300 m V  s t e p  i n  t h e  
- .  
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v o l t a g e  a c r o s s  t h e  d iode .  (The t h r e s h o l d  v o l t a g e s  can be a d j u s t e d  
w i t h  t h e  b i a s i n g  p o t e n t i o m e t e r s ,  R 3  and R 4 . )  The r i s e  t ime o f  t h e  
v o l t a g e  a c r o s s  t h e  d iode  i s  l i m i t e d  by t h e  c a p a c i t a n c e  t o  g r o u n d  
a t  t h a t  p o i n t ;  s o  t h e  c i r c u i t  c o n s t r u c t i o n  s h o u l d  minimize s t r a y  
capac i  t a n c e  a c r o s s  t h e  tunne l  d iodes .  
The d i f f e r e n t i a t o r s  R,Cland R 2 C 2  e x t r a c t  a p o s i t i v e  s p i k e  
from t h e  p o s i t i v e - g o i n g  edge of t h e  tunne l  d i o d e  p u l s e .  The s p i k e  
f rom t h e  h igh - l eve l  t r i g g e r  goes d i r e c t l y  t o  t h e  o u t p u t ;  t h e  low- 
l e v e l  s p i k e  i s  f i r s t  i n v e r t e d  a n d  then  s e n t  t o  t h e  o u t p u t .  T h e  
a m p l i t u d e  o f  both s p i k e s  i s  a b o u t  200  m V .  
P a s s i v e  mixer  c i r c u i t s  then  combine t h e  sp ikes  i n t o  two  
g r o u p s  o f  f i v e ,  and a t t e n u a t e  them accord ing  t o  t h e i r  channel  o f  
o r i g i n .  The s p i k e s  d r f v e  two f a s t  l i n e a r  a m p l i f i e r s ,  w h i c h  i n  
turn d r i v e  t h e  i n p u t s  o f  a F a i r c h i l d  777  dual  beam 100 M H t  o s c i l -  
1 os cope.  
P E R F O R M A N C E  A N D  A C C U R A C Y  
F i g u r e  9 shows t h e  a c t u a l  c a l i b r a t i o n  cu rve  o f  a t y p i c a l  u n i t  
a t  68' F .  The decay t ime o f  t he  p h o t o m u l t i p l i e r  p u l s e  de te rmines  
t h e  s l o p e  o f  each l i n e ;  t h e  Sciimitt  t r i g g e r  t h r e s h o l d s  d e t e r m i n e  
t h e  i n t e r c e p t s .  The t i m e  c o n s t a n t  i n  t h i s  c a s e  was i n  somewhat 
l e s s  t h a n  430 nsec,  ai ld t h e  two t h r e s h o l d s  were 1 . 9 0  m V  a n d  210  m V .  
Note t h a t  no  s p i k e  c o u l d  appear  b e f o r e  120  nsec  h a d  passed  because 
o f  t h e  t u n n e l  d iode  h y s t e r e s i s ,  T h e  o p e r a t i n g  range  o f  a m p l i t u d e s  
was 2.80 m V  t o  35 m V .  
The t w o  f a c t o r s  which l i m i t  t h e  c i r c u i t  accu racy  i n  p r a c t i c e  
a r e :  
( 1 )  Phototube n o i s e  pulses which occur  du r ing  t h e  2 p s e c  
p r o c e s s i n g  t ime or a few microseconds b e f o r e  t h e  e v e n t ,  
( 2 )  The p r e c i s i o n  w i t h  which one can measure t h e  o c c u r r e n c e  
t ime of a s p i k e  from a photograph .  
The e r r o r  due t o  photo tube  n o i s e  w i l l  be smal l  whenever t h e  
s i g n a l  i s  h i g h e r  t han  t h e  average  noise  p u l s e ,  a n d  i n  our  a p p l i -  
c a t i o n  t h e  s i g n a l  l e v e l s  a r e  s o  h i g h  t h a t  t h i s  error i s  comple t e ly  
n e g l i g i b l e ’ .  
The r e l a t i v e  e r r o r  i n  t h e  p u l s e  h e i g h t  E d u e  t o  t h e  e r rors  
A ( t h  - t o )  i n  measurement o f  t h e  t ime i n t e r v a l  ( t h  - t o )  i s  a p -  
p r o x i m a t e l y  [ A ( t h  - t o ) ] / ( 4 3 2  n s e c ) .  
The same r e l a t i o n  a p p l i e s  t o  the lower level. The p e r c e n t a g e  e r -  
ror i s  independent  of p u l s e  h e i g h t ,  and i t  depends only  on  t h e  
s i z e  o f  t h e  t ime error a s  compared t o  t h e  decay c o n s t a n t  of  t h e  
p u l s e .  
a t  half-maximum of  t h e  o u t p u t  p u l s e s ,  i , e . ,  5 n sec .  The cor -  
responding  pe rcen tage  e r r o r  i s  - + 1 . 2 % .  
A measure o f  t h e  r ead ing  e r r o r  A ( t h  - t o )  i s  t h e  h a l f w i d t h  
Temperature  v a r i a t i o n  and i n t e r n a l  c i r c u i t  no i s6  c o n t r i b u t e  
l e s s  error than  t h e  r ead ing  e r r o r .  The low- leve l  p u l s e  has some 
t ime j i t t e r  due t o  a m p l i f i e r  n o i s e ,  This j i t t e r  i s  abou t  2 n s e c  
(+  - 0.5%).  The h i g h - l e v e l  p u l s e  has  no measureable  J i t t e r .  The 
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c i r c u i t  has been t e s t e d  f r o m  0 "  F t o  100" F .  The a v e r a g e  t e m p e r a -  
t u r e  v a r i a t i o n  o f  a t y p i c a l  u n i t  was + 0.05% p e r  deg F f o r  t h e  l o w  
l e v e l  and - 0.01% p e r  deg F f o r  t h e  h i g h  l e v e l ,  The l a r g e s t  tern- 
p e r a t i i i - e  e r r o r  was 0 . 0 9 %  p e r  deg F. S i n c e  we w i l l  c o n t r o l  t h e  c i r -  
c u i t  t e m p e r a t u r e  t o  - + 5' F, o u r  e r r o r  due t o  t e m p e r a t u r e  v a r i a t i o n s  
w i l l  be l e s s  t h a n  - + 0.5%.  The r m s  v a l u e  o f  a l l  t h e s e  e r r o r s  ( t h e r -  
m a l ,  n o i s e  j i t t e r ,  and measurement e r r o r s )  i s  1.4%. 
I n  summary, t h e  c i r c u i t  can h a n d l e  i n p u t  a m p l i t u d e s  f r o m  3 rnV 
t o  35  V ,  w i t h  t h e  o u t p u t  r e p r e s e n t i n g  t h e  i n p u t  t o  an a c c u r a c y  o f  
a b o u t  - + 1 . 5 %  o v e r  t h e  w h o l e  r a n g e  o f  i n p u t  a m p l i t u d e s .  
POSSIBLE I M P R O V E M E N T S  
A new d e s i g n  i n c o r p o r a t i n g  t h e  same p r i n c i p l e s  s h o u l d  use  a 
more s i m p l e  a m p l i f i e r ,  one w h i c h  i s  n o t  as l i n e a r  as t h e  one de-  
s c r i b e d  h e r e  , A l s o ,  e a c h  t u n n e l  d i o d e  s h o u l d  d r i v e  an a v a l a n c h e  
t r a n s i s t o r  d i r e c t l y .  T h i s  w o u l d  e l i m i n a t e  t h e  n e c e s s i t y  f o r  t h e  
l i n e a r  a m p l i f i e r s  w h i c h  d r i v e  t h e  o s c i l l o s c o p e ,  and  i t  w o u l d  p r o -  
4 
v i  de n a r r o w e r  s p i k e s .  
Each l e v e l  c o u l d  c o v e r  t h r e e  decades i n s t e a d  o f  two,  o r  ad-  
d i t i o n a l  l e v e l s  w i t h  d i f f e r e n t  c o d i n g  c o u l d  be  u s e d  t o  i n c r e a s e  
t h e  dynamic  r a n g e  t o  s i x  o r  seven decades.  M u l t i c h a n n e l  a n a l y z e r s  
c o u l d  use  a l i n e a r  decay  w i t h  s e v e r a l  ( n o n - z e r o )  t r i g g e r i n g  l e v e l s  
t o  e x t e n d  t h e i r  r a n g e  and a c c u r a c y .  When i n e x p e n s i v e  100 MHz 
s c a l e r s  become a v a i l a b l e  t h e  o u t p u t  c o u l d  be e a s i l y  d i g i t a l i z e d .  
1 1  
B e c a u s e  i t  s e l e c t s  a m p l i t u d e  r a n g e s  i n ' a  n a t u r a l  way,  t h e  
m u l t i l e v e l  t e c h n i q u e  i s  a p p l i c a b l e  t o  a v a r i e t y  o f  e x p e r i m e n t s .  
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FOOTNOTES A N D  R E F E R E N C E S  
Suppor t ed  by t h e  Nat iona l  Aeronau t i c s  and Space A d m i n i s t r a t i o n .  
i ,  The exper iment  c o n s i s t s  i n  p a r t  o f  a t o t a l  a b s o r p t i o n  s p e c t r o -  
m e t e r  des igned  t o  measure t h e  e n e r g i e s  o f  t h e  pr imary  p a r t i c l e s  
i n  i n d i v i d u a l  u l t r a  h i g h  energy i n t e r a c t i o n s ,  Two problems o f t en  
a r i s e  i n  t h i s  t y p e  of exper iment .  One p r o b l e m  i s .  t h e  dynamic 
r a n g e ,  which must be l a r g e  because: 
( a )  
a n d  
t h e  exper iment  must a c c e p t  a wide range o f  pr imary e n e r g i e s ,  
( b )  fo r  a g iven  pr imary energy,  t h e r e  c a n  be l a r g e  f l u c t u a t i o n s  
i n  t h e  development o f  t h e  e l e c t r o m a g n e t i c  cascade  i n  t h e  s p e c t r o -  
m e t e r ,  
A second problem i s  t h e  l a r g e  number o f  d e t e c t o r s  - - -  from 10  t o  
20 - - -  whose o u t p u t s  m u s t  be i n d i v i d u a l l y  r e c o r d e d .  The e x p e r i -  
ment i s  p a r t  o f  a cosmic ray  l a b o r a t o r y  now b e i n g  b u i l t  a t  an a l -  
t i t u d e  o f  12,000 f t  n e a r  Climax, Colorado ,  by a group from L o u i s i a n a  
S t a t e  U n i v e r s i t y  headed by P r o f e s s o r  R .  W .  Hugget t .  
2 .  N .  L. G r i g o r o v  eJ.d., P r i b o r y  i Tekhnika Eksper imenta ,  N o .  1 ,  
p p .  100-106, J a n .  Feb.,  1 9 6 6 .  T rans .  by I n s t r u m e n t  S o c i e t y  o f  
America under t i t l e  In s t rumen t s  7 a n d  Exper imenta l  Techniques i n  
S e p t .  1966, p .  102. 
3 .  P .  V. Ramana Murthy, B .  V. S r e e k a n t a n ,  A .  S u b r a m a n i a n ,  a n d  S .  D .  
Verma, Nucl. I n s t .  81 Methods - 23, 245 ( 1 9 6 3 ) .  
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4. S a t u r a t i o n  o f  t h e  a m p l i f i e r  does n o t  m a t t e r ,  s i n c e  t h e  a m p l i f i e r s  
o n l y  chop o f f  t h e  t o p  o f  t h e  p u l s e  a t  4 V ,  whereas  t h e  t r i g g e r s  
o p e r a t e  a t  2 V .  Tha t  i s ,  t he  v o l t a g e  a t  t h e  low- leve l  t r i g g e r  
decays  t h r o u g h  2.0 V o n l y  a few nanoseconds a f t e r  the  i n s t a n t  t h a t  
t he  i n p u t  has  decayed t h r o u g h  2 m V  - - -  r e g a r d l e s s  o f  s a t u r a t i o n  
a t  4 V --- and t h i s  i n s t a n t  i s  a l l  t h a t  t h e  c i r c u i t  i s  concerned  
w i t h .  F o r  t h i s  r e a s o n ,  t h e  a m p l i f i e r s  d o  n o t  have t o  be l i n e a r  
over  f o u r  decades .  In  f a c t ,  t hey  do n o t  have t o  be l i n e a r  a t  a l l .  
5. Cons ide r  t h e  f o l l o w i n g  example o f  t h e  worst c a s e :  We h a d  a t  one 
t ime  an uncooled 5 i n  p h o t o m u l t i p l i e r  ( R C A  8055)  2 f t  away from 
t h e  t h i n  edge  of  a 1 inch t h i c k  p l a s t i c  s c i n t i l l a t o r .  W i t h  t h e  
p h o t o m u l t i p l i e r  v o l t a g e  a t  1800 v ,  t h e  a v e r a g e  p u l s e  h e i g h t  d u e  
t o  m i n i m u m - i o n i z i n g  muons pas s ing  t h r o u g h  a n  a r e a  which was 2-3 f t  
w i t h i n  t h e  s c i n t i l l a t o r  was a b o u t  65  m V .  This i s  c e r t a i n l y  a 
l o w - s i g n a l  a p p l i c a t i o n ,  wi th  a t  most a b o u t  100  p h o t o n s  h i t t i n g  
t h e  p h o t o c a t h o d e  on the  a v e r a g e .  Yet t h e  f r e q u e n c y  of no i se  p u l s e s  
g r e a t e r  t h a n  32 m V  was a b o u t  1850 pulses  per sec .  T h a t  i s ,  t he  
p r o b a b i l i t y  o f  a noise p u l s e  g r e a t e r  t h a n  h a l f  t h e  a v e r a g e  s i g n a l  
p u l s e  h e i g h t  occur r ing  i n  any p a r t i c u l a r  2 usec i n t e r v a l  i s  l e s s  
t han  1/2%, even i n  th i s  worst  of c a s e s .  In  o u r  a p p l i c a t i o n  t h e  
l i g h t  i n t e n s i t i e s  w i l l  be from l o 2  t o  lo6 ' t imes as h igh ;  so noise  
i s  n o t  a problem. 
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CAPTIONS FOR FIGURES 
F i g .  1. B l o c k  d i a g r a m  o f  p u l s e  h e i g h t  r e c o r d i n g  sys tem.  
F i g .  2. R e l e v a n t  q u a n t i  t i e s  i n  p u l s e - h e i g h t - t o - t i m e  c o n v e r s i o n .  
U p p e r  g r a p h  shows t y p i c a l  i n p u t  t o  a c o n v e r t e r ,  s u p e r i m p o s e d  on 
t h e  t w o  t r i g g e r i n g  l e v e l s  o f  t h e  c o n v e r t e r .  E i s  i n i t i a l  a m p l i -  
t u d e  o f  p u l s e .  Lower  g r a p h  shows o u t p u t  o f  t h e  c o n v e r t e r .  t o  
i s  t h e  s t a r t i n g  t i m e  o f  e v e n t ;  t h  and tl a r e  t h e  t i m e s  t h a t  t h e  
p u l s e  decays  t h r o u g h  t h e  u p p e r  and l o w e r  l e v e l s ,  r e s p e c t i v e l y .  
F i g .  3. T y p i c a l  o s c i l l o s c o p e  d i s p l a y  o f  s y s t e m  o u t p u t .  R e f e r e n c e  
d o t  marks  s t a r t  o f  e v e n t .  H e i g h t  o f  each  s p i k e  i d e n t i f i e s  c h a n n e l  
o f  o r i g i n ;  p o l a r i t y  i n d i c a t e s  w h e t h e r  h i g h -  o r  l o w - l e v e l ;  o c c u r -  
r e n c e  t i m e  i n d i c a t e s  a m p l i t u d e  o f  c o r r e s p o n d i n g  i n p u t  p u l s e .  
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F i g .  4. B l o c k  d i a g r a m  o f  one o f  t h e  t w o - l e v e l  h e i g h t - t o - t i m e  con -  ' i  
I 
v e r t e r s .  
I 
F i g .  5. C i r c u i t  d i a g r a m  o f  t h e  t w o - l e v e l  h e i g h t - t o - t i m e  c o n v e r t e r .  
The 1 2 O U p f ,  15 pf, 6.8 pf, and 1.5 p f  c a p a c i t o r s  a r e  t a n t a l u m  e l e c t r o -  t 
l y t i c s .  C3, .Cq,  C 5  a r e  E r i e  .001 p f  f e e d t h r o u g h  c a p a c i t o r s .  The .01 pf, . 
I 
; 
.001 p f ,  and 390 p f  c a p a c i t o r s  a r e  c e r a m i c .  A l l  r e s i s t o r s  a r e  1 / 4  w a t t  
u n l e s s  o t h e r w i s e  i n d i c a t e d .  The 1 %  r e s i s t o r s  a r e  I R C  CEM T-0 m e t a l  k 
f i l m  r e s i s t o r s .  Q1, Q3, Q4,D.., Q8 a r e  2N3905 's ;  Q2 i s  a 2N3250; 
Qg, Q10, Q l l ,  Q12 a r e  2N708 's ;  D1, D 2 ,  D3, Dg a r e  1N47394 z e n e r  
k 
I 
: 
d i o d e s ;  D5 a n d  0 6  are l N 3 7 1 2 ' t u n n e l  d i o d e s ;  0 7  and  D 8  a r e  1N914 i 
i 
\ 
i 
d i o d e s ;  T i  i s  an i n v e r t e r  t r a n s f o r m e r :  10 b i f i l a r  t u r n s  on a 
F e r r o x c u b e  10411060/3E2A c o r e .  ( C o r e  i s  n o t  c r i t i c a l , )  
F i g .  6. T w o - l e v e l  c o n v e r t e r  module,  and b i n  c o n t a i n i n g  t e n  modu les .  
The h i g h -  and l o w - l e v e l  t r i g g e r s  a r e  a t  t h e  l o w e r  and u p p e r  l e f t ,  
r e s p e c t i v e l y ,  The t h r e e  a m p l i f i e r  s t a g e s  a r e  a t  t h e  u p p e r  r i g h t -  
hand s i d e  o f  t h e  modu le .  N o t e  g r o u n d  p l a n e ,  p r i n t e d  c i r c u i t  con-  
s t r u c t i o n ,  and i n t e r s t a g e  s h i e l d i n g .  
F i g .  7. O u t p u t  s p i k e  f r o m  c o n v e r t e r .  10  nsec/cm. 
F i g .  8. V o l t a g e - v e r s u s - c u r r e n t  c h a r a c t e r i s t i c  o f  t u n n e l  d i o d e  
l e v e l  d e t e c t o r ,  show ing  sequence o f  o p e r a t i o n .  P o i n t  A i s  q u i e s c e n t  
s t a t e .  
F i g .  9 .  A c t u a l  c a l i b r a t i o n  c u r v e  o f  a t y p i c a l  c o n v e r t e r  modu le  
a t  68' F. C u r v e s . a t  100" F and 0' F do n o t  d i f f e r  enough t o  show 
on g r a p h .  
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